Magnetoelectronic devices such as spin-valves consist in their simplest form of layered structures, where a thin diamagnetic or insulating layer is sandwiched between two ferromagnetic layers. 1 Their functionality is based on the giant magnetoresistance (GMR) 2, 3 or tunneling magnetoresistance effect (TMR), 4 respectively, where spin-dependent scattering results in high or low resistance of the device depending on the relative magnetization orientation of the two magnetic layers. 5 Such magnetoelectronic devices are of huge interest for applications in the field of non-volatile memories, reading heads, or magnetic sensor devices. 6 Single spin-valves are mostly fabricated as layered structures in a stack-like geometry with well-defined magnetoresistance switching characteristics for fields in the plane of the layered system. In order to obtain a device such as a magnetic field sensor or angle-sensitive detector, usually, several of these layered spin-valves have to be connected to cover all three spatial directions. 7, 8 Here, a planar device structure may offer an additional degree of freedom for the design of complex device structures. Additionally, planar structures can easily be integrated in magnetic non-volatile or domain wall memory devices, which also show a planar device structure. 9, 10 Various spin-valve structures with different geometries based on, e.g., metals, 11, 12 ferromagnetic (Ga,Mn)As alloys, [13] [14] [15] or Si nanowires 16 have been reported. Here, we present a different approach for planar magnetoelectronic devices using MnAs nanoclusters instead of ferromagnetic layers. The nanoclusters are grown self-assembled using selective-area metal organic vapor phase epitaxy (SA-MOVPE). 17, 18 Besides a high structural quality, this method offers the possibility to precisely control the position of the nanoclusters as well as their size and shape. [18] [19] [20] The MnAs nanoclusters grown by SA-MOVPE show a magnetization orientation in the sample plane with an in-plane anisotropy which can be tuned by the clusters' shape. [19] [20] [21] These magnetic properties, a relatively high Curietemperature of about 340 K (Refs. 22 and 23) as well as the advantage to control their position accurately make the MnAs nanoclusters grown by SA-MOVPE ideal building blocks for planar magneto-nanoelectronic device structures even for room temperature applications. Recently, theoretical calculations of the conductance through device structures consisting of MnAs nanoclusters predicted high magnetoresistance ratios of up to 300% due to spin-dependent scattering in the interface region between the single nanoclusters 24 supporting the idea that arrangements of MnAs nanoclusters are suitable building blocks for magnetoelectronic devices.
Scanning electron microscopy (SEM) images of the MnAs nanocluster arrangement investigated are shown in Figures 1(a) and 1(b) . The arrangement consists of two separated nanoclusters with a gap of about 10 nm, whose elongation directions are preferably oriented parallel to each other and which are connected by a gold layer resulting in a planar GMR-like device structure. The longer cluster has a length of about 950 nm, while the shorter one is approximately 600 nm long. Figure 1(c) shows as an example a magnetic force microscopy (MFM) image of a nanocluster arrangement comparable to the GMR-like arrangement investigated. The two elongated nanoclusters are also separated by a small gap of 10 nm. Both nanoclusters form separated, single magnetic domains with the magnetization direction oriented parallel to the elongation direction of the nanoclusters. GaAs, AlGaAs, and MnAs as well as the corresponding thicknesses of the three materials can be accurately controlled. The gap between the clusters which is filled with Au when the device structure is fabricated is also well defined, but harder to control in the fabrication process. In case of the structure shown in Fig. 1(d) , the gap between the clusters is about 40 nm; in the device structure, it is about 10 nm.
The magnetic field dependence of the overall resistance of the nanocluster arrangement consists of two magnetoresistance contributions. First, a large linear magnetoresistance of about 10% is found at high magnetic fields of 10 T. The large linear MR is the consequence of the existence of a parallel transport path through the substrate. During the growth of the nanoclusters, Mn diffuses into the substrate resulting in a p-type doped GaAs:Mn matrix. 26, 27 The current path through the p-type matrix yields a large linear MR effect, which is typically for granular MnAs/GaAs:Mn hybrid structures. 25 Furthermore, the overall magnetoresistance exhibits abrupt jumps of the resistance which can be observed at about 2 to 3 T. The magnetoresistance changes abruptly by 1%-2%. We relate this effect to magnetization switching in the external magnetic field. In order to provide a better visibility of the resistance jumps caused by the magnetization switching, the large linear MR was subtracted from the measured resistance. Figure 2 (a) shows the background-subtracted magnetoresistance of the GMR-like arrangement for a magnetic field sweeping in-plane and with its direction parallel to the nanoclusters' elongation direction. For this measurement geometry, the MR behavior is that expected of a spin-valve device, where one jump of the resistance for each sweeping direction can be observed. The first jump occurs at À1.0 T on the upsweep (black triangles), while a second jump is observed at À3.1 T on the downsweep (red squares). For a different field geometry, where the magnetic field orientation is inplane and perpendicular to the elongation direction of the This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
nanoclusters, only one abrupt change of the resistance can be observed as shown in Figure 3(a) . The jump occurs at À2.4 T on the upsweep. After each jump, one observes a continuous decrease of the MR back to its original value.
The jumps in the magnetoresistance may be explained by changes of the relative angle between the magnetizations of the two clusters and the resulting spin-dependent scattering in the interface region between the two nanoclusters. 24 It is therefore necessary to evaluate the magnetization orientation of both nanoclusters by minimizing the free energy of the corresponding nanocluster arrangement. Because the nanoclusters show a hard magnetic axis along the c-direction, 26 the clusters' magnetizations are assumed to be oriented in the sample plane. In the sample plane, the MnAs nanoclusters exhibit a magnetocrystalline anisotropy contribution with a six-fold symmetry and an additional shape anisotropy with a 180 symmetry, due to the elongation of the nanoclusters. 27, 30 Because of the small separation of the nanoclusters, coupling of the individual magnetic domains has to be considered. This coupling can be described by a Heisenberg coupling term. The total free energy of the system in an external magnetic field can therefore be described as follows:
Here, J is the coupling constant of the Heisenberg-like coupling between the magnetizations M 1 and M 2 of the two clusters and U 1 and U 2 are the corresponding angles of the magnetization directions in the sample plane with respect to the elongation direction of the nanoclusters, i.e., the [ 110]-direction of the substrate. V i are the volumes of the clusters, H is the external magnetic field, H is the angle of the external magnetic field with respect to the [ 110]-direction, l 0 is the magnetic permeability in vacuum, K i and e i are the shape anisotropy constants and the elongation directions of the corresponding nanoclusters, respectively, and K 4 is the magnetocrystalline anisotropy constant. The definition of the angles for each measurement geometry is shown in Figures 2(b) and  3(b) . For the interpretation of the discrete jumps of the resistance, the energy density landscapes of the individual magnetizations M 1 and M 2 of the coupled cluster system were analyzed qualitatively to evaluate the magnetization orientation of each cluster with sweeping external magnetic field. A schematic illustration of the corresponding magnetization orientations (characterized by the angles U 1 and U 2 ) explaining the observed changes in the resistance are shown in For the case shown in Figure 2 , where an external magnetic field was applied parallel to the elongation direction of the nanoclusters, the changes in the resistance can be explained as follows: At high positive magnetic fields, the energy landscape shows a global minimum at U ¼ 180 due to the Zeeman energy contribution for a magnetic field strength of 7.5 T as shown in Figure 2(d) . Thus, the magnetizations U i of both nanoclusters are oriented parallel to the external field direction (
, red squares in Figure 2(b) ), i.e., they are aligned parallel to each other resulting in low spin-dependent scattering. Because the external magnetic field is applied parallel to the elongation direction of the clusters, where the energy landscape shows a minimum due to the nanoclusters' shape anisotropy even in the absence of an external field (the corresponding energy landscape is shown in Figure 2(d) as black squares) , the magnetization orientation will not change with decreasing field strength in agreement with the experimental observation on the downsweep. Both magnetization angles U i will therefore remain at U ¼ 180 for a decreasing field. Changing the field polarity from H ¼ 0 to 180 and increasing the magnetic field strength again the Zeeman energy contribution will cause a global minimum at U i ¼ 0 favoring the opposite magnetization orientation. As can be seen in the energy landscape for a magnetic field of À2 T shown in Figure 2(d) , with increasing negative magnetic field the minimum at 1808 starts to vanish. Therefore, both magnetizations will slowly start to rotate towards the external field direction leading to decreasing magnetization angles U i . At a certain field value, the magnetization of the smaller nanocluster may jump abruptly towards the magnetic easy axis at U ¼ 60 which is closer to the external magnetic field direction, while the magnetization of the longer cluster will keep rotating continuously towards the external field direction due to its stronger shape anisotropy compared to the smaller one. Because the magnetizations of the two nanoclusters are not oriented parallel anymore as illustrated in Figure 2 (b), spin-dependent scattering in the interface region increases leading to an abrupt jump of the resistance. Increasing the magnetic field further, the magnetizations of both clusters continuously rotate towards U ¼ 0 , i.e., parallel to the external field direction, resulting in a continuous decrease of spin scattering and therefore in a decreasing magnetoresistance. At high negative fields, both clusters are oriented parallel to the external field direction again. For both sweeping directions of the external field, one observes a similar behavior. Altogether, the planar GMR-like arrangement shows a behavior which is somewhat similar to a spin-valve device. Interestingly, the observed switching of the magnetization orientations does occur at different external field strengths for the two sweeping directions. On the upsweep, the magnetization jump is observed even before the polarity change of the external field. This behavior may be caused by the thermal activation of rotations of the magnetizations, which are not taken into account in the model. At low magnetic fields and a temperature of 120 K, where the measurements were performed, the thermal energy may be sufficient to overcome the energy barriers in the energy landscape of the nanoclusters, which arise due to the magnetocrystalline and shape anisotropy. Thus, the magnetization may jump spontaneously into another energy minimum even before the polarity of the magnetic field changes, which explains the abrupt changes of the resistance. Thus, for a quantitative description of the observed magnetoresistance behavior at 120 K, thermal effects have to be taken into account.
Using the same model, we also performed an analysis of the results for the other measurement geometry, where the magnetic field is oriented perpendicular to the elongation direction of the nanoclusters. As can be seen in Figure 3(a) , a resistance jump is observed for this measurement geometry only on the upsweep, but not on the downsweep. This behavior is due to the fact that for this geometry, the minima in the energy landscape due to Zeeman energy contribution are now located at U i ¼ 90 or 270 and therefore shifted by 90 with respect to the minima of the energy landscape caused by the shape anisotropy of the nanoclusters at U i ¼ 0 and 180 , which dominate the magnetic behavior at low fields. Thus, in contrast to the parallel geometry, the global minimum in the energy landscape of the magnetization at high positive fields (at U i ¼ 90 ) becomes a maximum at low fields; simultaneously, two almost equivalent minima arise at U i ¼ 0 and 180 , respectively. Assuming thermal activation and only a small coupling between the clusters' magnetizations, the probability for the magnetizations to end up in a parallel orientation (e.g.,
or in an antiparallel orientation (e.g., U 1 ¼ 0 and U 2 ¼ 180 ) are almost the same. At high positive magnetic fields, the magnetization of both clusters is aligned parallel to the external magnetic field, i.e., U i ¼ 90
and thus perpendicular to the elongation direction of the clusters. With the decrease in magnetic field, the Zeeman energy contribution weakens and a magnetization alignment parallel to the nanoclusters' elongation direction at either U i ¼ 0 or U i ¼ 180 is more favorable, resulting in abrupt jumps of the magnetizations. This consideration is the basis of the explanation of the magnetoresistance behavior observed in Figure 3(a) . On the downsweep, no jump of the magnetoresistance is observed because with the decrease in external field, the magnetizations of the clusters jump into a parallel alignment, e.g., U 1 ¼ U 2 ¼ 180 as shown in Figure 3 (c) (red squares). Thus, no spin-dependent scattering occurs, and therefore, no change of the resistance is observed. On the upsweep, the nanoclusters' magnetizations jump into an antiparallel alignment, i.e., the magnetizations are oriented along the elongation direction of the nanoclusters but along opposite directions, e.g., U 1 ¼ 0 and
as shown in Figure 3 (c) (black triangles). The antiparallel alignment results in strong spin-dependent scattering between the clusters and therefore in a larger resistance. With the increase in negative field, the magnetizations slowly rotate towards an orientation parallel to the external magnetic field direction resulting in a continuous decrease of the resistance until both magnetizations are finally oriented parallel to the external magnetic field direction. However, as pointed out above, in this geometry, the behavior of the magnetizations on the up-and downsweeps is hardly predictable as the magnetization jumps at low fields towards a parallel alignment (
and U 2 ¼ 180 or vice versa) occur with similar probabilities. The former shows no magnetoresistance jump, the latter does. Thus, the magnetoresistance behavior shows a certain degree of randomness.
In summary, we demonstrated the preparation of a planar, GMR-like nanocluster arrangement for possible magnetoelectronic device applications. The arrangement prepared by SA-MOVPE consists of elongated nanoclusters which exhibit a magnetization orientation along their elongation direction in the absence of an external magnetic field. At 120 K, the magnetoresistance of the arrangement shows abrupt jumps, which can be explained by spin-dependent scattering at the clusters' interface region caused by changes of the relative angle between the magnetization directions of the two clusters due to the applied external magnetic field, but also due to thermally activated rotation of the magnetization. For an external magnetic field direction applied parallel to the elongation direction of the nanoclusters, the magnetoresistance exhibits a well defined behavior similar to a spinvalve device. However, in case of the field geometry, where the magnetic field is applied perpendicular to the nanoclusters' elongation direction, the interplay of the Zeeman effect and the shape anisotropy introduces a certain degree of randomness in the switching behavior of the magnetoresistance of the nanocluster arrangement. The magnetoresistance effect due to the magnetization switching of about 1-2% appears to be comparatively small. However, one has to keep in mind that a large contribution to the overall resistance arises from shunt currents through the substrate, which reduces the relative MR related to the switching. Additionally, the relatively large gap of 10 nm between the two clusters filled with Au is not optimal for achieving large MR effects. Thus, a significant increase of the effect may be achieved by improving the insulation between nanocluster and substrate and by reducing the gap between the clusters. Nevertheless, these results show that MnAs nanoclusters possess the potential to serve as building blocks for planar magneto-nanoelectronic devices. As position and shape of the nanoclusters can be accurately controlled very complex in-plane device structures may be anticipated. By adjusting the aspect ratio and thus the in-plane magnetic anisotropy of the nanoclusters, it should be possible to tune the switching characteristics of such arrangements. However, to achieve such reliable device characteristics, further investigations are needed, in particular, the influence of temperature on thermally activated magnetization rotations and the resulting changes in the resistance need to be studied in detail.
